In a previous study (Hugenholtz, Lees, and Nadas, 1962) correlations between the resting hemodynamic state in congenital aortic stenosis (AS) and the cube vectorcardiogram showed great accuracy in predicting the presence of left ventricular hypertension. Results were better than those obtained by the standard electrocardiogram in a study of a larger group of similar patients (Braunwald et al., 1963) . Furthermore, alterations in the direction and magnitude of specific QRS vectors, as projected on the horizontal plane, correlated to some degree with left ventricular peak pressure and aortic gradient. However, the wide variation in these measurements often made proper assessment of the individual case impossible. Thus, while distinctly better than the standard electrocardiogram in the recognition of left ventricular hypertension, this type of uncorrected vectorcardiographic recording still proved to be inferior to the assessment of severity obtained by means of cardiac catheterization.
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The lead system proposed by Frank (1956) possesses characteristics which, on theoretical grounds, would make it a more desirable system for registration of the " equivalent dipole " (Langner et al., 1958) . In practical terms it has confirmed these expectations in sharper delineation of the normal (Hugenholtz and Liebman, 1962) , in improved accuracy in the necropsy confirmed diagnosis of various myocardial disorders (Hugenholtz, Forkner, and Levine, 1961) , and in the assessment of left and right ventricular hypertension in patients with congenital aortic and pulmonic stenosis (Hugenholtz and Gamboa, 1964) . It appeared timely therefore to compare its usefulness to that of the standard electrocardiogram and the cube vectorcardiogram obtained simultaneously in the same patient.
The availability of detailed hmmodynamic data such as left ventricular peak systolic pressure, aortic valve gradient, stroke work, and valve area, suggested the study of these factors and their relation to electrical depolarization. The age-groups studied (5 to 21j years) appeared particularly useful since complicating factors such as conduction defects or coronary artery disease were absent. Heart weight or wall thickness at necropsy, the traditional yard-sticks, which in previous studies had shown a less than satisfactory correlation with the cardiogram (Griep, 1959; Scott, 1960; Selzer et al., 1958) , were not analysed.
ECG AND VCG IN CONGENITAL AORTIC STENOSIS SUBJECTS AND METHODS
Thirty patients with congenital aortic stenosis were selected from consecutive admissions studied at the Cardio-Pulmonary Laboratory of the Children's Hospital Medical Center: their ages varied from 5 to 21j years and all but one were male. Electrocardiographic and vectorcardiographic studies were obtained immediately before or on the day after cardiac catheterization. In 4 patients studies were done during catheterization. All studies were carried out under resting circumstances. In 14 instances pressure recordings and cardiac output determinations were also made during bicycle exercise in the supine position. Vectorcardiograms were monitored continuously in three of these studies.
A second group of 20 patients in whom similar data were available (4 were female) was also included to augnent the material for statistical purposes. Thus some of the conclusions are extended to a total of 50 patients in whom either cube or Frank vectorcardiographic data are available. Since, in this larger group, these measurements were not obtained each time in the same patient, no detailed data are tabulated, though they are available upon request to the authors. The range of normal vectorcardiographic measurements has been given before (Hugenholtz and Liebman, 1962) .
Cardiac catheterization of the right side of the heart was carried out in the usual fashion in all 50 patients, while the left side of the heart was entered by the retrograde technique in all but 3: in 2 of these the transseptal approach and, in the remaining, the percutaneous technique with general anmsthesia were used. Details of the methods employed in deriving the hlemodynamic data and the calculation have been given elsewhere (Hugenholtz and Gamboa, 1964) . Similarly a minute description of the vectorcardiographic technique and the computation of these data are given in the report indicated. In brief, the magnitude of the maximum spatial voltage (MSV) was derived by Pythagoras theorem, MSV= =Vx2+y2+z2, where x, y, z represent the transverse, vertical, and sagittal components of that vector. The sum of selected spatial vectors (SMSV) was obtained by adding the magnitude of the MSV to that of the vector occurring 0 01 second before and to those occurring 0 01 and 0-02 second after the maximum vector. The spatial QRS-T angle was derived from Helm and 
RESULTS
Detailed hmemodynamic, vectorcardiographic, and electrocardiographic data in the 30 patients who form the nucleus of this study appear in Table I (Fig. 1) . Individual correlations of LVPP with the height of the R wave either in V5 or in V6 alone gave still lower coefficients (r=0-42 and 0.40). Consequently these parameters were omitted from further correlations.
When these relationships were studied in the larger and non-identical groups in 50 patients, the LVPP-MSV (Frank) When the peak systolic gradient was correlated with the MSV, the Frank vectorcardiographic datayielded a coefficient of0-80,p<0001 (in the larger group, r=0-82; p<0 001, SEE=20 mm. Hg), while for the cube data the coefficient was 0 73, p<0 001 (r=0.75; p<0001, SEE=30 mm. Hg in the larger group). The correlation with SV2+RV5 gave an r value of 0-42, while for the total 50, r increased slightly to 0 45, p<001.
Applying the sum of selected vectors as described, the correlation coefficient with peak pressure was 0 75, p<0 001, SEE=22 mm. Hg from the cube data, while an r value of 0-89; p<0Q001, SEE= 15 mm. Hg, was obtained from the Frank data. The regression equation for the latter is LVPP= 23 55 mV+44 25 (Fig. 2) . These figures were also calculated for the larger group of 50 patients and were 0 77, p<0 001, and 0 90, p<0 001, SEE=15 mm. Hg, respectively.
Stroke work, corrected for body surface area, was also correlated with the SMSV; the coefficient for the Frank system was 0 30, p<0 5, for the cube system 0 25, p<0 5, and for the sum of SV2 and RV5, r=0-05. Fig. 4 . There was a significant inverse relationship with the measurements made by the Frank system (r= -0-70, p<0001, SEE=0 19), and the regression equation is expressed as log. valve area=-0 04 mV+0 05. Less significance could be given to the correlation coefficients derived by the cube system (r= -0 52, p<0 01) and the standard electrocardiogram (r= -0-27, p<0 1).
Some of the discrepancies observed between the recordings obtained from the various lead systems are further illustrated in Fig. 5, 6 
DISCUSSION
Although electromotive forces generated by the myocardium have long been thought to reflect certain aspects of ventricular function, a direct linear relation between left ventricular peak pressure and events recorded in the electrocardiogram has thus far not been shown. In fact, the partially accepted concept of Cabrera and Monroy (1952) regarding specific electrocardiographic differences in "systolic" versus "diastolic" overloading, has recently been challenged by Selzer et al. (1962) in a series of patients studied at necropsy. Furthermore, in a comprehensive review of 100 patients with congenital aortic stenosis, Braunwald and co-workers (1963) were unable to find a significant relation between the electrocardiogram and the hlmodynamic state. More recently, the use of new vectorcardiographic criteria (Hugenholtz et al., 1962) and the application of a corrected lead system (Hugenholtz and Gamboa, 1964) have altered these views and have permitted the recording of a specific relation between pressure and certain spatial QRS forces, albeit a different one from that indicated by the Mexican group.
The data from this study further indicate that, in this type of patient, QRS forces, when recorded by a corrected lead system, reflect inVaventricular peak systolic pressure much more accurately (r=0-89) than when they are derived by means of the "uncorrected" cube system (r=0.75) or the electrocardiogram (r=0-48). Thus, the method by which the electrical events are recorded constitutes an essential difference. Correlation coefficients obtained with this corrected lead system are not only consistently higher for all parameters studied ( Fig. 1 and 4 (Hugenholtz and Gamboa, 1964) .
Aortic valve gradient, valve area, and. ventricular stroke work, in that order, gave coefficients of much less significance. These findings parallel studies in the isolated heart preparation, which show that myocardial oxygen consumption rises in a linear fashion with increased intraventricular pressure, whereas an equivalent augmentation of stroke volume results in insignificant changes in myocardial oxygen consumption (Monroe, 1964) . Though the findings in the present study may not directly relate to this type of experimental evidence, the fact that stroke work has such a low degree of correlation, while peak pressure yields a high degree of correlation, must indicate that the production of resting ventricular systolic pressure is a dominant factor relating to the electromotive forces. These observations further indicate that the resting peak pressure may be at least as sensitive a parameter of left ventricular hypertrophy as are the usual criteria such as heart weight, heart size, or wall thickness.
At the same time, it has been pointed out earlier (Hugenholtz and Gamboa, 1964 ) that ventricular systolic pressure must be measured under truly resting circumstances and not be augmented by tachycardia or exercise, or altered pharmacologically by anesthetic agents. The former is shown in Table I where left ventricular peak pressure during exercise rose conspicuously and in not one instance correlated with the MSV or SMSV, as it had done during rest. The latter point is illustrated by patient No. 30 (identified by an X in Fig. 1 and 2 ) whose LVPP fell far below the regression line and who was the only patient studied while under nembutal anesthesia. This patient's aortic valve area, plotted against the measured MSV and SMSV, fell exactly on the regression line shown in Fig. 3 . This suggests that the low cardiac output was related to the anesthetic agent and resulted in an artificially lowered intraventricular pressure. These examples illustrate the fact that the measurement made by the MSV and SMSV can only be applied to the estimation of the average intraventricular systolic pressure.
The reasons for the differences between the Frank lead system and the cube system or the standard electrocardiogram are manifold (Fig. 5, 6 , and 7, and Table I ). The most significant of these is the concept of "lead strength" introduced by Burger and Van Milaan (1946 , 1947 , 1948 , which in turn relates to Wilson et al.'s (1944) Schmitt and Simonson (1955) and Pipberger (1958) have pointed to these differences between lead systems and to the necessity of identical "effective lead axes". Since Frank's design, in addition to correcting the former, also creates a near infinite distance of the exploring electrodes to the electrical source or sources, the maximum spatial vector derived in this manner is in effect a measurement of the dipolar component of the heart, if the latter is considered as an electrical generator. Non-dipolar content of body surface potentials, due either to dipole mobility or to multiple current sources of higher singularity, is unlikely to be present, particularly in congenital aortic stenosis with its usual absence of conduction defects in the younger age-group studied here. Even if current dipoles originate during the early depolarization phases, when the right ventricle contributes its forces predominantly they appear to be insignificant due to the stronger cancellation effect produced by the increased left ventricular potentials. Since all measurements made in this study occurred in the mid portion of the QRS complex, even the " advantage " of recording of proximity effects, which may be ascribed to the cube system as well as to the standard electrocardiogram, disappears in the face of the capability of the corrected lead system to register accurately the dipolar component of the hypertrophied left GAMBOA, HUGENHOLTZ, AND NADAS ventricle. These three factors then, lead strength, lead direction, and "infinite" distance, controlled and corrected by the design of Frank's lead system, must be held responsible for its superior performance in assessing ventricular peak pressure, as it is reflected in the altered myocardial electrical activity.
Since the cube recording system assumes for each lead a geometrical equidistant position to the centre of electrical activity, without any correction for the variation in the configuration of the chest, dipole eccentricity, as well as other factors, the discrepancies between the Frank and cube systems can be easily understood. Futhermore, the lack of orthogonality and the extreme variations in lead strength and direction (Langer et al., 1958; Schmitt and Simonson, 1955) , particularly along the antero-posterior axis, prevent the accurate calculation of spatial components. At the same time, it should be pointed out that this study confirmed the previously shown superiority of the cube system over the standard electrocardiogram (Hugenholtz et al., 1962) in the assessment of left ventricular hypertension (Fig. 2) . The poor performance of the latter is not surprising in view of extensive previous work (Braunwald et al., 1963; Selzer et al., 1958) showing its unreliability in the presence of left ventricular hypertrophy. Furthermore, the voltage criteria for the diagnosis of left ventricular hypertension do not adequately separate the normal from the abnormal electrocardiogram. Walker and Rose (1961) found that the range of the sum of SV2 and RV5 varied from 15 up to 65 mm. in 849 normal subjects. The experience at our laboratory is similar. Thus, the relative merits of these recording systems can be rephrased in stating that the cube system permits the diagnosis of left ventricular hypertrophy quite accurately but its severity expressed as resting elevated peak pressure can only be assessed by the Frank lead system, while the electrocardiogram must be considered unreliable in the assessment of either.
The presence of inverted T waves in lead V5 or V6, or the calculation of a wide QRS-T angle, has always been regarded as an ominous sign in aortic stenosis (Nadas, 1963) . Since they were present in only 18 of the 30 patients, 7 of whom had left ventricular systolic pressure less than 150 mm. Hg, they did not always accurately indicate the severity of left ventricular hypertension. This led to the determination of the spatial QRS-T angle from the Frank data as shown in Fig. 3 . Not only was there a wide range of distribution, but no significant correlation with peak pressure could be determined. Although patients with peak pressures less than 135 mm. Hg were never found to have an angle of 500 or more, normal spatial QRS-T angles were seen with peak pressures in excess of 200 mm. Hg. Thus, even when calculated in spatial terms, QRS-T angles do not appear to be a reliable measurement in the estimation of the severity of left ventricular hypertension. On the other hand, the presence of a spatial angle in excess of 500 always reflected a pressure in excess of 135 mm. Hg. Thus, as a parameter related to the hlmodynamic state, it has only supporting significance, and the correlation with either MSV or SMSV proved far more specific.
During exercise, the LVPP increased in two patients from 130 and 137 mm. Hg to 220 and 240 mm. Hg, respectively. With this change in pressure, there were no changes in the QRS complex observed, but there was a widening of the spatial QRS-T angle with development of abnormal T waves in V5 and V6. In 12 other patients studied during exercise (Table I) , varying increases in peak pressure were observed. In none were there significant changes in the QRS or T forces. These findings again support the concept that increased magnitude of the QRS loop in this patient group represents the result of long-standing pressure work (Grimm, Kubota, and Whitehorn, 1963) . Superimposed acute changes in pressure and in wall tension which developed during exercise do not appear to change left ventricular depolarization. On the other hand, the changes observed in the spatial QRS-T angle in a few cases may indicate that ventricular repolarization does respond to acute hemodynamic changes. However, the lack of change in the majority of the group points again to the unreliability of T wave changes as a sign of severity.
The fascinating observations by Grimm et al. (1963) , in experimentally induced cardiomegaly in rats, shed some light on the mechanisms underlying the strong relation between resting ventricular systolic pressure and the electromotive depolarization forces. They found that in experimentally induced hypertrophy increases in myocardial cell mass occurred while the design of the individual
